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ABSTRACT

Thls document contains all of the data required For submittal under Cbntract

NAS 1-11154, "Structural Evaluation of Candidate Space Shuttle Thermal

Pmtectlan Systems". Included are design requirements, strucfuml data,

instrumentation data, recommended test conditions, assembly instructions, and

drawings of all hardware.
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1 /3 Ik, I'TDI'_I_I Ide"*TO_h. D

11_is document contains all of the data required for submittal under Contract

NAS 1-11154, "Structural Evaluation of Candidate Space Shuttle Thermal

Protection Systems". Included are design, requirements, structural data, instru-

mentation data, recommended test conditions, assembly instructions, and drawings

of all hardware.

/

For seve,'al years The Boeing Company has conducted design and analysis studies of

the Space Shuttle vehicle. Following submittal of the Phase B proposal, the

comi_any continued on an IR&D program to investigate critical Space Shuttle design

problems. One of the areas selected for extensive study was the external thermal

protection system. Consequently, a Boeing funded IR&D program was established to

design, analyze, fabricate, and test metallic reradiative TPS panels. The panel

design from this program selected for this proposal is shown in Figure 1-1. Th_s

panel has a length of 31" and a wide of 15" as shown in the figure.

The TPS panel design uses 6AI-2Sn-4Zr-2Mo titanium alloy which provides high

temperature capability to 1000°F. This titanium alloy and design were selected

because studies indicate that large areas of both the orbiter and booster (approxi-

mately 30 to 50% of the wetted surface) would be adequately protected by this

TPS. The proposed design is also much lighter than panels made of other material

in this use range. Further, the titanium TPS program filled a gap in Space Shuttle

research apparently not being worked by others in NASA or industry.

Confidence in the design has been obtained by extensive thermal, stress and

dynamics analyses, material properties testing, thermal cycling of the basic .oane_

9
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L* * . . I I* I -_,::,_: ,,,,,,,,..,,.,,,,._ ,_,t _u:i _xposure, anti deveiopment Gt solutions to all of the

fabrication problems. This design is a logical extension of TPS technology

developed on both the X-20 and SST programs. All fasteners are readily accessible

at the panel exterior surface for ease in installation and removal. A conscious

effort has been made to minimize attachments and allow independent removal of

t :

any one panel. Realistic joint and panel attachments representative of flight

hardware to withstand heating, loading and acoustic conditions are used.
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DESIGN REQUIREMENTS

Design Criteria

The TPS panel was designed in accordance with the structural design criteria

of Reference 1 , pertaining to load definition, factors of safety, allowable

mechanical properties, service life, material design thickness, selected natural

and man-made environments as specified under Design Environment, Section 2.2.

The follcwlng applicable criteria were used:

a) Factors of Safety

Load Condition

b) Deflection

c)

d)

e)

Factor of Safety

Yield Ultimate

Pressure 1.0 1.5

Thermal 1.0 1.0

Item

Overall Panel

Local Panel (Skin)

Service Life - 100 Missions

Skin Panel Flutter

The panel shall be free

Span ".-- Deflection

100

15

of flutter at all dynamic pressures up to 1.5 times

the local dynamic pressure expected to be encountered at any Mach number

during normal flight in accordance with Reference 1 .

Thermal Design

An uncertainty factor of 1.25 on turbulent flow heating rates was used. No

free edge forward facing steps are allowed and all forward facing discon-

tinuities shall be minimized (for upper surface panels, protruding head

fasteners are allowed).

12
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2.2 Design Environment

The titanium panel was designed to withstand the aerodynamic heating, skin

i

friction, normal pressure, vibration, and acoustlclnolse occurring under all

flight design conditions for a typical Space Shuttle booster, since this represents

the highest pressure environment. In addition, the panel was designed to be

free of panel flutter.

Trajectory
J

The trajectory parameters used for design of the panel are shown in Figure 2'1.

They are representative of e typical booster configuration.

Thermal

The design heating rate and panel equilibrium temperatures resulting from the fore-

going trajectory, are shown in Figure 2-2. The panel has been designed for o

peak temperature of 1000°F. For a given peak temperature, the temperature

profile shown is relatively insensitive to staging conditions, booster configuration,

and platform loading. Consequently, the temperature profile shown represents

that expected for a typical booster.

Pressu re

Figure 2-3 shows the pressure differential used for design of the panel. The

maximum positive pressure of 2.50 psi occurs during reentry. This pressure is a

conservative estimate of the pressure occurring on the side of the body at this

time. The maximum negative pressure of -2.43 psi occurs during a subsonic

13
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maneuver subsequent to reentry, tt is the pressure occurring on the upper

surface of the booster wing at a location near the leading edge. Pressures

resulting from wind shear conditions during boost are approximately equal to

subsonic maneuver conditions. Consequently, the conditions used for design

are representative of the critical pressures and temperatures expected for a

typical booster.

Acoustic

The acoustic design environment considered for the panels is shown in Figure 2-4.

Analysis of the configuration shows the frequency content expected with 12 en-

g|nes, 30 foot exhaust deflector, separation, and 550,000 Ib/engine thrust.

_. T:.

4t..

17
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3.0 STRUCTURAL DATA

3.1 Material Properties

The material properties used for design of the TPS panels are summarized in

Figure 3-1 ;

3.2 Analyses

3.2.1 Thermal Analysis

In order to assure the thermal structural integrity of the tltantum TPS panel shown

a

in Figure 7-1, a thermal analysis was made considering that such a panel could

be located on the upper or side of the body, or the upper side of the wing of

an orbiter or booster. A typical booster configuration was selected and the heat-

ing rates determined using the Boeing Rho-mu heat transfer prediction method

(Reference 2 ) with trajectory parameters such as shown in Figure 2-1. Hav-

|rig obtained representative heating rates, as shown in Figure 2-2, which con-

tain a factor of 1.25 to account for uncertainties in predicting turbulent flow,

the temperature distributions through the panel were calculated in order to identify

the temperature gradients required for determining panel thermal stresses. The peak

panel service temperature was limited to 1000°F. The temperature distributions

were obtained using the Boeing Thermal Analyzer Program (Reference 3 ) for the

panel model shown tn Figure 3-5. This model is representative of the TPS panel

edge strip approximately 3.8" wide where supporting edge member "Z" section,

corrugation and face sheet meet and form a junction. The model shown is three

dimensional and the analysis accounts for conduction and internal natural con-

vectlon. It was shown that the heat transfer due to internal convection was

19
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Material

Specification

Titanium
6AI-2Sn-

4Zr.-2 Mo

MIL-T-9046
1

lnconel
718

AMS 5596

Physical Pmpertles:

Density, Ib./qn.3

Specific Heat, Btu/Ib. - OF

Conductivity, Btu-ln/ft2-Sec-OF

0.164

Figure 3-2

Figure 3-2

0.296

Figure 3-2

Figure 3-2

Emlttance

Absorptance

Thermal Expansion in ./In ./°I:

Mechanical Pmpertles:

Strength

Pols._on's Ratio

0.500

0.500

Figure 3-2

Figure 3-3

0.32

0.800

O. 800

Figure 3-2

Figure 3-1: TPS PANEL MATERIAL PROPERTIES
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negligible. The results of this analysls are shown i*n Figures 3-6 and 3-7.

Since internal radiation exchange was not included because of the high complexity

of the 3 dimensional model, the obtained temperature gradients will result in con-

servatlve stresses. In order to assess the influence of radiation in reducing the

temperature gradients, a two-dimensional model was used as shown in Figure 3-8.

The results of this analysis are shown in Figure 3-9. It can be seen that at the

maximum temperature of l O00°F the temperature gradient is reduced by approxi-
J Q

mately 200°F. In the lower surface temperature regime at the structural junction

(Figure 3-5 and 3-6) toward the edge of the panel (see Node 11) this reduction

will be smal!er and therefore no excessive conservatism in thermal stress deter-

mination should be expected.

o
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3.2.2 Stress Analw|_
f

A finite element static structural analysis of the titanium TPS panel was performed For

two design loading conditions. The Boeing Company's ASTRA (Advanced Structural

Analyzer) computer program based on the direct stiffness displacement approach to

the finite element method was used. The finite element model is shown in Figure 3-10.

The finite element model consisted of one quarter of 'the panel supported at the corner

by a "Z °' cllp. Symmetrical boundary conditions were enforced along the panel center-

lines. The model contains 131 nodes with 739 degrees of freedom. 140 finite elements
d

were used in the model. The upper skln was modeled using 80 isotropic quadrilateral

plates with 50% effective area. The corrugation was modeled using orthotroplc quad|-

lateral plates to duplicate the stiffness of the actual circular arc corrugations. The "Z"

cl|p was modeled using three general /6eams with 6 degrees of freedom per node. Gus-

sets on each side of the "Z" clip are modeled using triangular isotropic plates. Figures

3-3 and 3-4 show the material properties used for the panel analysis. The model is an

excellent representation of structural stiffness, but provides only approximate stresses in

the corrugation or edge member, due to coarseness of the elements in these areas. Hand

analysis was also performed for these details.

i

Solutions of static stresses and deflections due to alrloads and thermal effects were ob-

tained. Figures 3-10 and 3-11 show the temperature distribution at each node used in

the analys!s for the two design conditions analyzed. These temperature distributions

are the result of a thermal analysis based on conduction only with radiation neglected

(see Thermal Analysis). The thermal effects are therefore conservative. Two additional

conditions with airload only were analyzed to determine the thermal effects present in

the combined load-temperature conditions.

3O
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Figure 3-12 shows the results of the ASTRA analysis for panel vertical deflection along

the centerline of the panel. Figure 3-13 illustrates the panel vertical deflection

across the width of the panel at the centerllne. Figure 3-14 shows the deflection of

the edge member. These deflections agree with values calculated from-elementary

beam theory using a summation of deflections of the edge member between "Z" cl;ps

and corrugation deflection between edge members. The Ithermal deflections agree with

calculations for simply supported beams subjected to linear thermal gradients through

the beam depth. The ASTRA analysis shows a vertical deflection of the "Z" clips with

respect to the edge member due to airload of -.0068 x pressure (inches). This gives

a relative stiffness of approximately 5000 Lbs/In.

Figure 3-15 shows the results of the ASTRA analysis for panel stresses. The stresses at

the bottom of the corrugation were extrapolated from the values of the quadrilateral

plate stresses and can only be considered approximate. The upper face skin and bottom
i

of the corrugation show higher stresses along the edges of the panel. This is caused by

the edge member deflection and thermal deflection. The upper skin shows significant

longitudinal thermal stresses between the corrugations. These stresses are caused by the

differences in temperature of the skin and corrugation. Figure 3-16 shows the skin

transverse stresses at the edge member. Significant transverse thermal stresses ;n the skin

are also indicated. These stresses are caused by the difference in temperature between

the edge member and skin, and also |nclude full Poisson's stresses of .30 x longitudinal
w

stress. Since these stresses are large enough to cause skin buckling, the Poisson stresses

should be omitted.

Figure 3-17 shows the spanw;se distribution of the transverse skin stress. This illustrates

that the stresses are larger near the edge member where the thermal growth of the skin

and corrugation are restrained by the edge member.
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The Following "pa.qes contain sl'ress analv_s r_f +h= ,_,._,1 ,_,,_.:1. -rL_ Ac'rr_A r........... • ._, i.._ 4r_q_e I I _e'=lL I II1111_

element analysis showed a loading concentration at ._he outer corrugations clue _o the

supports located at the panel corners. A loading concentration factor of t.5 has

been used'for the corrugation analysis.

The panel was analyzed for maximum temperature Condition 2 using a limit alrload

pressure of 2.5'psi with the requirement that the resulting stresses should not exceed

the allo_;able 1% creep stress. It was alse checked to preclude exceeding material

strength or buckling at an ultimate factor of safety equal to 1.5.
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Edge Member Analvsls

Loading Condition 2.

Ap =,+ 2.5 Psi Limit

10.32 =-I

.90 --__ +Ap

w -4A_-175M_ = _- (L 2 . _" (8.522 -4(,90) 2 ) = 151.8 In-Lbs Limit

t

Max. Temperature Profile (Reference Thermal Analysis)

T (Panel)ma x = 1000°F

T (Z Top Flange) = 700OF

T (Z Bottom Flange) = 600°F

Edge Member Section

Assume Upper Surface Stress Level = -10,000 Psi

Upper Flange @700°F E = 11.55x10 6
¢

Effective Skin = 1.7 T "_/'E'/F
lip

Effective Skin = 1.7(.02) .J11.55x 10 6

V 10000
= 1.15 In.

Y = -.147 In.

= .00445 In4
IN.A.

r

I l
• .02-=,-- --,-- .714

---,. l

i
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Uol:)er Flanae .%trp._

F- M=_ lsl.8 (-.14_ = -5o2oP_L_m_(Co=_o._o.)I .0O445

Obviously not critical for creep_check buckling.

Upper flange is supported at each corrugation at a spacing "S" = 1.36"

(8/s)2 (1.o95_2
K = J 4_ 6 * = j 4_ 6 + I _ _ ) _ = I_1 j106,

F = K ¢r2 E C T1 2 = 1106. ¢r211.55x106
cr 12(I - p,2) T . 12(I - (.3) 2

.041

i, 095

2

= 16,200 Psi

_ 16, 200
M'S'upper Flange 1.5(5020) -1. = +1.15

I

Loading Condition 1

&p = -3.64 Psi Ult.

o

Edge Member Section

Upper Surface in Tension Use 1.7 In. Eff.

-- InY = -.124 .

IN.A. = .0047 In.

'- 1.7

4 -_1. 115 ---,--

m

JT Ref,

.O2--.--

.714

t
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Lower Flange Stress

TL wr = 400°F

Flange

E = 12.7 x 106 Lbs/In 2
¢

M = 3.64/2.5 (151.8) = 221 in. Lbs.

f _ M c 221 (-.60) =
T - .0047 -28,200 Ps|

2 • 2

E()F - w _r tw

cr 12(1 _p.2) "_'w
Ref. 4

r ,_. ;,:.

t bf _w _ .02 - 1. .33'

",_ ..02 _ .7_
K = 3.3

W

33 ,, 2127x_o_ (=o2o_2
F=_= ,2(, -(.3)2 _.z-_)

29, 600
M.S. Lwr =. _ -1. = +.05

Flange

• 46

= 29, 600 Psl

_°
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?

Corrugation Analysis

Loading Condition 2

._p --" +2.5 Psi Limit

-I__ ,-14.45 _I/ +_P

J

M_ = _--(L 2 4A2") = "_ (10"752 "4(1"8"5)2)= 31.8 In. Lbs Limit

Panel Section

Assume Upper Surface Stress Level = -10,000 psi @ 800OF Max.

I

Effective Skin 1 7 T E_E_c = 1 7(.011) 11.20 x 106..= • " V - 10000
.=.63

m

Y -- -.27 In.

= .00140 In4/In
IN.A.
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Upper Surface Stress

* Use stress concentration factor = 1.5 along side of panel

f _ Mc _ 31.8(-.27/1.5"
I .00140 = -9,220 psl (Compression)

Use 1% Creep Allowable @ IO00°F = 20,000 Psi

M.S. - 201000
922_-

Lower Corrugation

-1. = 1.17 (Creep)

I

* Use stress concentration factor = 1.5 along side of panel

f i

Mc
31.8 (.451) 1.5" _ 15,400 psi (Tension)

.00140

Conservatively use 1% creep allowable @ iO00°F = 20,000 psi

20,000
M.S. = _ -1 = + .30 (Creep)

Loading Condition 1

p = 3.64 Psi UIt.

3.64
M = 31.8 x "_.5" =

46.3 in-Lb..UIt.

Panel Section

Use upper skin fully eft. in tension

_ = -.209aNIN.A.
= .00175 In4/In

Lower Surface Stress

* Use Loading concentration factor = 1.5 along side of panel

f

F
¢r

Mc _ 46.3(-.512) 1.5" = -20,200 Lbs/In 2 (Compression)
I .00175

= 25E T/R = .25(11.2x106 ) .01• ._ = 82,000 Lbs/In 2 (Crippling Stress_

82,000 -1 = _'3.05
M.S. = _2"_,200
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• ,I |! o i eo_,, ,. • i -

F.g_;rc 3-I,_ uT,_._ ,,,= u,,uwau_e L cl;p ioaa as a tunction of disp_acement. Adequate

clip strength is shown. The cllp was also analyzed for an airload of -3.64 psT ulti-

mate tension and had adequate strength.

Adequate margins of safety have been shown for all design conditions. The most

critical location in the panel is the lower flange of the edge member. For the -3.64 psi

ultTmcte pressure condition, the lower flange has a margin of safety of +.05.

! c_.

./: .
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3.2.3 Panel/Support System. Modal Analysis

The TPS panel and support system natural modes and frequencies have been calculated

for use in panel Flutter and acoustic analyses. A schematic of the panel concept

analyzed is shown in Figure 3-19. T'nermal Protection System (TPS) panel drawing

180-10|93 shown in :Fig_e: 7-1+ defines panel details.

Structural Model

The panel is composed of three sections of corrugation stiffened skin with edge members

connected by deep flexible omegas and supported by standoff clips as shown in Figure

3-19. This design allows the panel to act as three indel_endent panels. Therefore, it

was necessary to analyze only one section of the panel. Advantage was taken of the

fact that a panel section has two lines of symmetry as shown in Figure 3-20, and only

I/4 of a panel section was modeled, which allowed a smaller mathematical model, and

fewer degrees of freedom required to represent the total section. This was done since

modal deflections for the complete panel section could be obtained by applying comb|-

natlons of symmetric and anti-symmetric deflection constraints along lines of symmetry.

For each of the deflection constraint conditions analyzed, only displacements

representing vertical stiffness normal to the plane of the skin were used in the modal

analysis. The panel finite element model is shown in Figure :3-21+ The mathematical

elements used in th;s model are described in the stress analysis portion of Section

3.2. • The analysis was performed using nominal skin gages at room temperature

conditions.

Modal Analysis

Three modal analyses were performad uslng lumped masses and vertical displacement
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(7 - d;r,b,-t;nn) .e;_,,-..,,- ¢.-.- ,4:.... ._ __, .... :L_, ,................ r- ......... I_,,., .u, ;'u_;. re_';ecT[ng

deflection constraints alor_g lines of symmetry.

form (:re:

where

[m] IZ'}

m : mass matrix

K

Z

÷

= stiffness matrix

= displacement in Z direct;on

•, acceleration in Z direction

desired

The equations of motion in matrix

The deflection constraint conditions imposed along llnes'of symmetry to obtain modes

I

of interest are shown in Figure 3-22, The condition of antl-symmetric deflection con-

stra|nts along both lines of symmetry was not analyzed as this would produce modal

frequencies of over 1000 Hz which are above the area of interest in the flutter or

acoustic analyses. The equations of motion solved were of 80th order. /_sses were

lumped for "vertical sections cuts through the panel, (the largest surface area lumped

was 0.64 sq.in.).

The average panel weight is 1.005t/Ft 2 overall with the skin and corrugation making

up 0.68liFt 2 of this.

The results of the modal analysls.for six of the first 18 modes obtained are presented in

Figure 3-23. The frequencies are high and quite well separated.

_odal Analysis Check

A check of analysis results was made using panel stiffness data of Section 3.3 and

vibration formulas of Reference 5 . Taking a single corrugation and treating it as

a simple beam with a uniform moss, the following first mode frequency is obtained.
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/"

Mode Number
Frequency

(HZ)

420

Panel Node Lines
Mode Frequency

Differences

192

2 612.6 96

708.9
266

4 974. 8

J

\ //

/ \
272

5 1246.2
! !
! e
e !
i I

424

6 1670.9

! I

_ I I •

), ,,I I
• I I _k

I I
j

118

r F|gure 3-23: PANEL/SUPPORT SYSTEM MODAL DATA
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E!

b

k

m

= 2.54 x II14 I!_. - ,._2

= 13.0 in.

= 2 El/lo = 314 i._./in.2

= 2.42 x I0"5 ibs. - sec2/in2
in.

I

I m

Freq- V2=V-_"_=s74H=

Placing !/4 of o panel section mosson one support clip as a spr_ng masssystem provides

M = 5.5 x I0 "4

the panel/suppart _r=mlatlonal frequency.

Ib=. - se¢2

in.

K = 5o4on/_n.

Freq= I/2=-_ =490.=

These check well with the 420 Hz first mode frequency shown in Figure 3-23 which was

obtained using a combination of Panel bending and support deflection.
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3.2.4 F'anei t'iutter Analysis
..... _ • • , = i

In the design of this panel one of the considerations was panel flutter.

lines developed on the X-20 (Dyna-Soar) and other programs,

Using gulde-

..-

the panel was designed for strength and then checked for flutter. Applying these

guidelines resulted in a panel having hlgh well separated frequencies.

On the X-20 Program Boeing developed analytical tools for use in predicting panel

capability. One of these was a two-mode flutter solution. This solution was developed

using assumed sine functions as modes, zero structural damping and piston theory aero-

dynamics. The equation as presented below is derived in reference 6 , is a measure

of panel capability as a function of frequency separation.

where:

2
q
M---2":T-

-m 2 ('60n+i 2 - bJn2) 2
i ii • =

1.94768 x 10 -3 ('_n+1,2 +, (,,3n2) -"'256 n2 (n2+2n+1 /
, V2 a2' _4n2,4n+l _

q =l

M =

V =

a . _-"

m -

flutter dynamic pressure - PSI

flutter Math number

flutter velocity - knots

panel chord In inches

J . sec2/in 2
panel mass in. "

n = mode number considered

next highest mode number

frequency in radlans/sec, of the nth mode

03n+ 1 = Frequency in radlans/sec, of the nth +1 mode

(n+1) =

_0 =
n
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To perform a check on this panel the second and _hird mc,des are used as these have the

I..... ,. r........... .._r. ' ...... dy billty.......... -_..... ; ""'=_="_'=, u,lu will ylela T_e lowest nam¢c pressure capa .

The values used |n the evaluation are:

per in2 : _

2= i
602 ! i

o = 10 inches

m = 0.38 x 10"5 #'sec2
|n.

148 x 105 rad2/sec 2

198 x 105 rad2/sec 2

thus substituting into the above equation gives

2
q -364

,ill

67.8xio4 " 3.78
V 2

The solution is iteratlve requiring that M and V be compatible in a solution. However

a minimum value for q can be obtained by setting V to a large number,

thus

2 -364 (M2-I)
q --'-- -3.78

or q = 9.6 _/M2 '1 PSI = 1340 _" PSF

and since the minimum q is obtained at approximately M = V_- , qmln 1340 PSF.

This gives a factor of 2.23 times the local dynamic pressure expected of 600 psf compared

with the margin of 1.50 required by reference 1 . No pressure differential is used in

this analysis. Consequently, the calculated margin is conservative. A further check of

panel capabillty was made using X-20 panel flutter test data from reference 7 as

shown in Figure 3-24, . The panels tested were Rene' 41 panels which had a pltch of

1.5 Inches and approximately the same depth as the proposed shuttle panel. The width,

however, is much greater, 42.8 inches compared to 10 inches, and without correcting

for this, the results are conservatlve. A value of 2300 PSF For dynamic pressure
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r

="-.'. -.. ,.;<..,,r,,-,,,,=u ;'u, a panel of i,_ inch span and a skln-and corrugation gage of

0.011 inches. This, however, must be corrected by the ratio of material modulus of

elasticity which is ETI/ERene , = 0..5. Thus the allowable dynamlc-pressure = 2300 (°50) =

1150 PSF which is considered very conservative.

Next, the data from a recent NASA report• reference 8

support stiffness and bending stiffnesses was used to check the proposed panel.

panel parameters required to check the panel as shown in Figure 3-26 are:

a = 10.0 In. Width

b -- 13.0 In. Span

D 1 -- 1.7 t-ln 2

132 = 25400 t-in 2

kD = 5000 t/in

t = 1540 f/lnk D

Calculating the Panel support stiffness LKD and the flutter parameter ),

relationships below

• on the effects of panel

The

Cross corrugation bending stiffness

Corrugation bending stiffness

Support deflection stiffness

Average edge member deflection stiffness

according to the
cr

k,D b3
K D = i|

1 3D 2 and )'or D2

and using the average edge member stiffness k' D to compute K D a value of 4.3 is

obtained. Thls yields a value of )'cr = 130 as shown in Figure 3-27 . Solving for

a dynamic pressure at M --2_check yields a value of 1090 PSF. This value is

conservative since the deflection stiffness was averaged for the edge member between the

_ "2'"

.T .
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1.695

= 1.115

.020

.021 -

.714

ReFerence Figure 7-1

Figure. 3-25: DETAIL CORRUGATION END SUPPORT

b

D2

KD

Flgum 3-26: PANEL PARAMETERS
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. .:-.

: supports. The author of reference 8 also suggests the solution is often conservative.

The reference report presented flutter margin increases by a factor of six for c6rruga-

tlon end support similar to that of this panel as shown in Figure 3--25.

An inter corrugation flutter check _f the unsupported skin was made using the Air Force

data of reference 91 . Shown in Figure 3-28 is a flutter boundary as o function of

panel skin thickness, modulus of elasticity, and length to width ratio. The parameters

for this panel are."

Pitch (w) = 1.36 in.

Length = Span (_) = 13 in.

E = 15:1 x 106 PSI

tB - 0.011 in.

f(m)- _/M 2-1

The following computation was performed. For a length/wldth ratio of (_/w) -- 9.55 the

[f(m)E/q ] 1/3 x tlt/,tl from the curveof Figure 3-20 mustbe greater thanvalue of

0,078. Solving for the allowable dynamic pressure at M - _ a value of 1590 PSF is

obtained.

The results of the panel flutter checks are summarized in Figure 3-29. it is noted that

the panel is flutter free for the expected design environment yielding a minimum factor

on dynamic pressure of 1.55.
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Acoustic Environmental Characteristics

The prediction of acoustic environment and panel response are important features

of preliminary design evaluation. The preliminary procedures used for prediction

|nclude noise scaling based on measured noise data from model and full scale rocket

tests. These noise field predictions considered:

1) Identification of significant Flow parameters.

2) Configuration dependent features.

3) Directional characteristics.

4) Effects of nozzle clustering.

Using the above methods a power spectrum associated with a given geometrical location

was defined. Overall noise level variation along the centerline of the vehicles is

shown in Figure 3-30. A typical acoustic environment and resulting power spectrum

are shown in Figures 3-31 and 3-32. The panel acoustic pressure loads were then

•evaluated by using:

1) Fundamental panel frequencies.

2) Detail stress analysis for a unit load condition.

3) Cumulative load expectancy and design life requirements.

4) Panel structural fatigue characteristics.

The panel support structure (standoff clips) was also analyzed.

The fundamental frequency of the panel is 400 cps as calculated ;n the modal analysis

previously. The mean stress (RMS) was calculated using the following equation:
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Figure 3-31: EXTERNAL ACOUSTIC ENVIRONMENT

67



D!80-I 5093,-1

-3

-4
10

..z.-;o-°

u
a.

0

-6
10

10
10 100 1000.

"FREQUENCY - CPS

i

F|gure 3-32: POWER SPECTRUM 75 FT. FORWARD OF BOOSTER NOZZLE EXIT PLANE
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--2 ,rr 2

So - 48 loS1 (w(to)

w he re S1 = stress due to 1 psi static pressure

fo = fundamental frequency i i

W(f) = power spectral density (psi2/Cps)

8 = critical damping ratio C/C c _,, .02

I
I

I

The peak stress is _/2"-x mean stress.

The number of stress reversals due to launch environment alone was calculated
a

as follows:

J

N = (fm) (t) (FLF)

II •

FLF = Fatigue Life Factor

N = number of stress reversals

f = primary response mode frequency = 400 cps
m

t = total time

N = (400 cps) (100 flights) (40 sec/fllght) (4) = 6.4 x 10 6

g

The maximum allowable stress at this number of stress reversals is about 38,000 PSi
, i

for notched room temperature annealed sheet as shown in Figure 3-33.
i

I

The stress level in the basic panel due to launch acoustic excitation at Location B

in Figure 3-30 is less than 1000 psi. This indicates infinite llfe capability. The
J

panel capability for 100 missions is estimated to be 166 db overall which is shown

as Location A in Figure 3-30.

The equivalent static load in 3 principle axes on the support structure was found to be

2 g's and is nat critical.
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3.2.6 Weight Analysis

The complete weight breakdown statements for the 180-10193-9 (2 bay) panel

and the 180-10193-12 (3 bay) panel are shown in Figures 3-34 and 3-35 re-

spectlvely. Based on the weight shown in Figure 3-35_ the calculated nomlnal

urdt weight for the 3 bay panel is 1.20 Ibs/ft 2. The actual measured average

un|t weight of the delivered 3 bay panels |s 1.21 II0s/ft 2.

\
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5"

\

180-10193-9 RESISTANCE WELD PANEL ASSEMBLY

WEIGHT BREAKDOWN I

i

QTY.

1

(2)

(I)

8

12

4

4

2

2

2

2

I

I

2O

a

WEIGHT (Lb)PART NO.

180-10193-10

180-10193-8

180-10193-11

180-10194-4

180-10194-10

180-10194-11

180-10194-12

180-10194-19
!

180-10194-20

180-10104-26

180-10194-28

180-10194--31

180-10194-32

NAS 1218-06C-2

Cont|ngency (20/0)
I II I

TOTAL WEIGHT

i

1.559

(°597)

(.962)

,302

.113

,014

,014

.144

.144

.100

.057

.002

,002

• 047

,050
I

2.548

Figure 3-34: TPS PANEL 180-10193-9 WEIGHT STATEMENT
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180-10193-12 RESISTANCE WELD

PART NO.

180-10193-6

180-10193-7

180-10193-8

180-10194-4

180-10194-5

180-10194-6

18o-io194-7
180-10194-8

180-10t94-10

180-10194-1"1 '

! 80-10194-12

180-10194-19

180-10194-20

180-10194-31

180-10194-32

180-10194 -33

NAS 1218-06C-2

Contingency (2%)

TOTAL WEIGHT

I
J

PANEL ASSEMBLY

WEIGHT BREAKDOWN

QTY.

I

(1)

(3)

12

2

1

2

1

18

6

6

2

2

4

4

2

30

i

WEIGHT (Lb.)

2.356

(1.460)

(.896)

.452

.106

.051

.061

.029

.169

.021

.021

.144

.144

.010

.010

.144

.070

.076

3.864

Figure 3-35: TPS PANEL 180-10193-12 WEIGHT STATEMENT
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3.3 Stiffness Data

Presentedhere are computed panel stlffnesses, and the panel standoff support stiFfnesses

based on room temperature material properties.

3.3.1 Panel Stiffness

Panel bending stiffnesses are computed in the spanw;se and chordwise directions using

the nominal dimension and skin gages shown in Rgure 7-1. Presented in Figure 3-36

is panel bending stiffness versus span. Cross corrugation bending stlffnesses are pre-

sented in Figures 3-37 and 3-38 For the center panel, region and edge member, res-te

pect;vely.

The twisting stiffness of a single corrugation per unit width ;s computed below:

J w

4A 2

4(.48) 2

1.36+ 2.14
.-0TT

t_l" 36 ----"J __-. 011

= .48 In2

.010 --/ _'---.34 R

= 2.72 x 10 -3 . In4'

G = 5.68 x 106///In 2

P = 1.36 In

K T =
(5.68 x 106) (2.72 x 10 "3) =

1.36
11,400 # In2/In
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Deflection stiffness of the support clip was obtained from computer output. This was

done by unlformily loading a panel section which resulted in a deflection of a point

over the cllp and a cllp reaction. These were used to compute the deflection stiff-

ness as shown below:

• p
K - m

8

P = 125 # Reaction/Cllp

= 0.00268 In Deflection

K = -5040 #',/In

l P = 125 #

! 77-:
The torsional stiffness of the support clip is computed below:

T GJ

KT O Z

£I = .25 In /"

2 = .25 In

b = 1.OO In T.li,..,..,..At'/
/____/t = .031 In

J = 3"

= '9.93 x 10 -.6 In 4

G = 11x 106 Psi

= JLI +£2 = .501n

(11.x (9.93><10"6)_
|

(.5o)
218 In -#/Rad

 2F--

1
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t

. oi I- !

T_. ,,.,,u,,v,,u, _i;_'_'rJess or rhe support clip is computed below:

M El

£I = .25 In

£2 = .25 In

£3 = 2.00 In

b = 1.00 In

t = .031 In

.03 I-.=-.- .-,---

M

; .2I = 1"2"

= 2.48x 10 -6 In4

E = 29 x 106 Psi

. £ =£i+£2 +£ = 2.50 In3

(29x;o6)_2.48x ;0-_
KR - 2.5O = 28.8 InJ/Rad

It should be noted that these st|ffnesse.s do not reflect edge member effects at

corrugation ends.
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4.0

4.1

4.1.1

TEST ARTICLE INSTRUMENTATION

Wind Tunnel Test Article

instrumentation .Installation

The instrumentation installed for the Wind Tunnel TeSt is defined in Figure 4-1.

'.

The center TPS panel segment is fully instrumented to define panel thermal, stress

and deflection characteristics. The other eight segments are each instrumented

with two thermocouples (skin and corrugation) and one strain gage (corrugation)

to provide additional data regarding (a) thermal gr,cdients across the full TPS

panel arrangement, and (b) edge effects from the test fixture. Thermocouples

are used extensively to establish thermal gradients across and through the TPS

panels, as well as along the "Z" section, omega seal, the attachment clips and

the support structure. All thermocouples and their leads are located internally

out of the plasma Flow wherever possible. Prior to high temperature runs (in

excess of 600°F) the strain gages on the corrugations will provide stress data at

this critical location. Strain gages on the four clips attaching the center seg-

ment panel will determine bending stresses in the clip vertical leg. Panel

thermal growth will be determined on the center panel segment from the de-

flection measuring devices monitoring bowing at the _ of the panel, and from

deflection measuring devices checking the deflection of three attachment clips.

Since the support structure approximates the heat sink of the vehicle substrate

structure, the thermocouples on the support structure will verify substrate structure

,,Iperl_
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D180-I 5093-I

temperature predictions. In addition, registering of unduly high temperatures on

the support structure by any thermocouple will aid in pinpointing TPS panel seal

and joint areas which permit excessive plasma flow passage.

Following discussions with the contract monitor, initial plans to measure gross

plasma leakage through panel seals and joints have been abandoned. This was

to be accomplished by using pressure gages and thermocouples to measure gas

flow through an orifice mounted on the support structure skin. The local tunnel

J

pressure outside the TPS panels was estimated to 'be .8 psi. However, subsequent

analyses to define the tunnel environment required to provide the correct tempera-

f

ture prof|Je for the panels (See Section 5.1) indicates that the nominal local

pressure will be approximately .175 psi external to" the panels and .120 psi

inside the cavity of the test panel holder. Consequently, the differential pressure

available for measuring gas flow, without unduly restricting gas leakage, is too

low to provide a sufficiently accurate measurement. Therefore, no instrumenta-

tion has been provided for this purpose.

Results obtained from this test by evaluation of instrumentation data and examina-

tion of the test specimen will serve in evaluating the suitability of this TPS de-

sign for the Space Shuttle mission. The temperature distributions measured through-

out the specimen, including local discontinuities, will verify the analytical methods

that will be used for final TPS design. Determinatlon of the thermal growth of

the panels will assist in establishing the functional adequacy of the joints and

seals. It will also assist in establishing adequacy of the seals, standoff clips,

and "Z" edge member, and basic panel structure by verifying analytical results.

82



Assessment of the overall structural integrity of the TPS design will provide con-

fidence that the proposed configuration will survive the Space Shuttle environment.

In addition, it will assist in establishing that the TPS design will suryive for 100

missions or in defining the required refurbishment. In addition to verifying the

adequacy of the basic panel and standoff clips, the adequacy of the following

details will be verified: 1) the omega seal and associated end plates which are an

integral part of the design, and 2) the joint seals.

4.1.2 Calibration Data

Calibration data for all instrumentation installed on the Wind Tunnel Test Article

is shown in F|gures 4-2 through 4-7.
t

0
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4.2 _nn;,- I:,,_;C.,-_ To._ A_t!.:_!=

4.2.1 Instrumentation Installation

The instrumentation installed for the Sonic Fatigue Test is _defined in Figure 4-8.

Stress distribution is determined primarily in the center panel segment which has

straln gages and thermocouples on the skin, corrugation, "Z" section and four

support cl|ps. Four adjacent panels also have strain gages and thermocouples on

the skin and corrugation in order to compare response of these pane Is to that of the

center panel. The four remaining panels have thermocouples only on the skin and corruga-

tion. These will show panel temperature variations re_ulting from edge effects.

Two trl-axlal accelerometers are mounted to the corrugation on the center segment.
j_

One is located at the center and one adiacent to one attachment cllp. This arrangement

should provide the maximum panel acceleration data. Micro-mlniature accelerometer

similar to the Endevco Model 2222B which have the replaceable cables are used. These

are arranged trlaxlally on a mounting block, which in turn is attached to a cooling

block fixed to the corrugation. This arrangement, less cables and mounting bolts,

meets the contract requirement that the weight not exceed 4.5 grams.

Provisions are also made |n the enclosure skin, at the _ of panels,

inch d;ameter Bruel and Kjaer microphone.

for a 1/4

Data der|ved from this test will assist in verifying structural integrity of the TPS

panel under the acoustic environment. Panel structural weaknesses, if any, can

be determined and corrective action taken.

4.2.2 Calibration Data

Calibration data for all instrumentatlon installed on the Sonic Fatigue Test Article

is shown in Figure 4-9.
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( •

5.0 RECOMMENDED TEST CONDITIONS

5.1 Wind Tunnel Test

The recommended test sequence is shown in Figure 5-1. The sequence consists

of a pre-programmed radiant heating cycle Followed Immediately by insertion of

the panel into a stabilized Flow of tunnel gases. , Thee estimated tlme of occur-

rence for each event is also shown together with the recommended nominal tunnel

operating conditions. The resulting nominal environment is shown in Figures 5-2

and 5-3. The corresponding design flight environment is shown in Figure 5-4.

In order not to over-shoot the design environment it is recommended that the

test run sequence shown in Figure 5-5 be followed. The first five runs would be

used to verify that the calculated nominal conditions are correct or to revise

them if necessary.

vlb
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TIME,

0

As req'd for
Event 6

(34o [i:> )

As req'd For
Event 4

(345 [!> )

s4s

As req'd for
Event 6

(:348 _ )

350

AS req'd for
Event 8

(390 _)

390

8O0

.... . , ,,.

SEC EVENT

2

4

5

6

7

8

I nltiate radiant heating

Pump down, start tunnel

Initiate radiant lamp mtmctlon

End radiant heating

i

Initiate panel injection

Panel ;n tunnel flow core

Initiate panel mtmctlon

End convective heating

End data acquisition9

I

1_> See plot of panel temperature history to be

achieved by varying radiant heat input

"_ Tunnel Conditions: Pt - 1000 psi
Tt" " 2500 °R

a - 2.5 ° (tentative)
_:> Estimated

i i

DESCRIPTION
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Figure 5-1: PROPOSED TEST SEQUENCE
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Figure 5-5: PROPOSED TEST RUN SEQUENCE

98



_i ¸-

D180-15093-1

A

.9oL

o

_onJc I-atigue Test

The recommended test environment is shown in Figure 5-6:. Included are

the design overall sound level and panel skin temperature variations with test

t|me. The skin temperature |s the max|mum measured on the surface between

corrugations. It is recommended that this .temperature profile be used in order

fo assure that the correct thermal gradients exist in the panels throughout the

test. The overall sound level during reentry does not exceed 120 db for the

design traiectory. The resulting acoustic pressure is less than 1% of that occurring

during liftoff, and consequently has been neglected.
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* 7)

6.0 ASSEMBLY INSTRUCTIONS

6.1 Wind Tunnel Assembly Installation Instructions

1) Unbolt test article assembly (SK2-5085-107-1) from shipping container.

2) Place assembly into wind tunnel panel holder cavity. Shim between re-

movable steel channels and the assembly (ZEE Stiffeners) until outboard

surface of T.P.S. enclosure (SK2-5085-106-12) i_ flush with cavity surface
+.00

( -.04).See Figure 6-1.

3) Align assembly with respect to cavity walls such that approximately the same

gap exists fore and aft as well as splitting the gap between the sides. Shim
.03

between the assembly edge angles and the cavity walls to a gap of .00 at

each hole location shown in Figures 6-2 and 6-3.

4) Check to insure assembly is flush with cavity surface. Transfer hole Ioca-

tions as indicated in Figures 6-2 and 6-3 from cavity to edge angles of

support structure (SK2-5085-105-8) and shims.

5) Remove assembly from the cavity and drill .500 - .521 dla. holes in edge

members of support structure and in shims.

Reinstall assembly and shims into the cavity. Bolt assembly into the cavity.

Remove lead wire clamps attached to support structure. (See Figure 6-1).

Using white nylon gloves, remove T.P.S. panels by first remqving plastic

protective cover and all assembSy outer edge members. (SK2-5085-107-5, -6,

-7, -8, -9, -10, -11, -47). The individual panel edge members (180-10194-5,

-6, -7, -8) and seals (SK2-5085-107-12, -13) may now be removed. Note

that all edge members are serialized on the bottom side. (See Figure 6-1

for sequence).( Note that panel edge member 5-2. is penetrated by thermocouples

T25 and T38 (See Fig.. 4-1) and must no__tbe removed from the TPS panel.)

* Indicates an operation requiring clean white gloves and special precaution

to not contaminate or damage T.P.S. panels.
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*8) Startlna with th= I,,_A:,,_ ,,-J-^ T.P.S " ' " ". ..... --_- • t_"=' _._.N. 4), carel:uiJy lift at

Note :

the leading edge of the outer bays until the panel can be grasped by the
..

edge closure "ZEE" member. Check to insure an adequate amount of instru-

mentation wiring is available to allow panel to be removed and placed along

side the test cavity. Carefully remove the panel while feeding instrumenta-

l
tlon wlre thru hole in support structure. Note: Use care to minimize de-

flect|on in omega iolnts between bays. Set panel aside for re-assembly.

Remove the remaining two TPS panels in a similar manner.

J

In the following seal installation apply only sufficient pressure

to bring it into contact with cavity wail.

9) Loosen all edge seal assemblies (See Figure 6-1) by backing off fasteners.

Fit the four corner assemblies (SK2-5085-107-17, -18) into position against

the cavity wall using seal tool**. Tighten the nutplate assemblies (-19 and

-20).See [_of SK2-5085-107. Coat faylng surfaces of corner seals with

adhesive** per [_ and install -36, -37 and -39 seal assemblies by butting

them against the corner seal assemblies and then sliding each into contact

with the cavity walls. Secure the nutplates assemblies (-22, -24, and -29)

per D" The seal shall now be completed by measuring the four gaps

remaining and trimming the -38 seal assemblies** per D" Coat the faylng

surfaces of the -36, -37, and -39 assemblies per D" and slide the -38

assemblies into position. Secure the -27 nutplate assemblies per D"

Note: Minimum cure time for [_adheslve is 24 hours.

Indicates an operation requiring clean white gloves and special precaution

to not contaminate or damage T.P.S. panels.

** Bagged with assembly.
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°._

Install T.P.S. panels by carefully placing each on the stand-offs using

the reverse of the procedure as defined in step #8. Install panel edge

member by lightly coating screws with EZ-Off 990** and finger" tighten

only. Replace assembly outer edge members, lubricating the screws with

EZ-Off 990. Tighten all edge member fasteners per D" Clean panels

of any excess EZ-Cff 990or other contamination by carefully wiping wlth

cheese cloth impregnated with a suitable solvent, such as Methyl-Ethyl-

Ketone, using approved cleaning procedures f_r thln-gauge titanium metal

structures. Caution" Do not use chlorinated solvents.

Replace plastic protective cover and remove only when ready for testing.

12) Route and clamp instrumentation lead wires as shown in Figure 6-1.

nect instrumentation lead wires to facility service.

Con -

et

t.

lndlcates an operation requlr|ng clean white gloves and special precaution

to not contaminate or damage T.P.S. panels.

Bagged With assembly.
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•...-L"_ S,.,,,,,. _s=moty"'' instaiiatJon Instructions

1) Unbolt test article assembly (SK2-5085-107-2) from shipping container.

2) Place assembly into NASA furnished facility support Structure. Install

remaining frame members, adjusting the assembly so that the outboard face

is nominally . 10-_ .03 below flush with the NASA support structure.

NOTE:

See Figure 6-4.

3) Place shims around the perimeter of the assembly such that a gap of no

greater than .030 in. exists at each hole location in assembly edge members

(SKll-5085-I05-4 & -14). Clamp assembly to the support structure.

4) Tranfer hole locations from edge members (-14) and (-4's) to the facility support

structure.

5) Remove assembly from the test support structure and drill .375 -.391

diameter holes into the facility support structure and shims.

6) Reinstall T.P.S. assembly and shims into the facility, support structure. Bolt

the assembly to support structure using bolts shown in Figure 6-4.

.291
7) Install assembly outer edge seal by drilling .279 dia. holes in facility and

details, and bolting in place as shown in Figure 6-4.

8) Route and clamp all instrumentation leads and accelerometer cooling lines as

shown in Figure 6-4. Connect all leads and cooling lines to facility service.

9) Remove plastic protective cover from T.P.S. panels just prior to testing to

prevent contamination.

If necessary to handle T.P.S. panels (180-10193) use only clean whlte nylon

gloves to prevent contamination. All contamination (finger prints, debris,

etc.) must be thoroughly removed prior to test using a suitable solvent,

such as Methyl Ethyl Ketone, and approved cleaning procedures for thin-

gauge titanium metal structures. (Caution: Do not use chlorinated solvents).
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